Effects of longitudinal asymmetric distribution of a lipid core on plaque wall stress
low spatial resolutions, image artifacts and difficulties differentiating plaque tissues and three dimensional volume reconstruction.
Although hemodynamic wall shear stress (WSS) is not high enough to disintegrate the plaque wall, the endothelium is very sensitive to it. Furthermore, it affects the function of the cells and tissues of the intima during disease progression. Intima thickening is correlated with low and oscillatory shear stress (Peiffer et al. 2013) , and the plaque region exposed to lower shear stress shows lower strain (Gijsen et al., 2008) . In the stenotic lumen observed in the advanced stage of atherosclerotic plaque, the endothelium is exposed to variable hemodynamic stress along the longitudinal direction. In the upstream of the stenosis, elevated wall shear stress activates inflammatory path ways and the infiltration of macrophages (Dirksen et al., 1998) and dendritic cells (Yilmaz et al., 2007) into the region is increased. In contrast, smooth muscle cell proliferations and increased endothelial cell apoptosis are found in the downstream region. Changes in cellular function and the distribution of tissue along the longitudinal direction of the stenosis cause variations in the cross sectional morphology and mechanical properties of the plaque wall. However, the longitudinal heterogeneity along the stenotic plaque wall has not been considered in analyzing mechanical stress in plaque models.
In this study, mechanical stress in the plaque wall and hemodynamic stress in the lumen were computationally analyzed for arterial plaque models considering fluid and structure interaction. Plaque wall composition may be different for the upstream and downstream walls of the throat, where the lumen has minimal cross sectional area. Longitudinal asymmetry of the plaque wall was modeled by skewing the lipid core distribution upstream of the stenosis and increasing the cap tissue thickness downstream of the stenosis, because intimal thickening is more pronounced in the distal wall. Effects of lipid core distribution skewness (asymmetry) on plaque wall stress, strain and hemodynamic stress were explored.
Methods
An ideal three dimensional coronary artery with an eccentric stenosis was modeled using the 3-D modeler (SolidWorks, Dassault Systèmes, MA, U.S.A.) as shown in Fig. 1 . A cylindrical vessel of 100 mm long was attached in the upstream and downstream of the stenotic plaque model in order to provide flow development as well as to minimize the fixed wall boundary effect on wall deformation. The diameter of the lumen was 3 mm, while the length of the stenosis was 8.2 mm. The stenotic plaque wall is composed of the lipid core and fibrous cap. The luminal height of the throat (minimum lumen cross section) was about 1 mm, and the area reduction was about 36%. The vessel wall thickness was 1 mm, and the minimum thickness of the fibrous cap was about 40 μm, as shown in Fig. 2 . The symmetry model had a symmetric lipid core with respect to the throat, and the half base length of the lipid core was 3.775 mm (Sym). The distal base length of the lipid core was decreased to 3.28 mm (Asym1), 2.78 mm (Asym2) and 1.81 mm (Asym3) in the asymmetric models, and the cap thickness was increased in order to construct the same lumen geometry for all plaque vessel models. The Asym3 model had the most asymmetric lipid core distribution. The constructed three dimensional models were imported into ADINA version 9.2 (ADINA R&D Inc., MA, U.S.A.), a commercial finite element package, to analyze the stress and flow fields in the plaque models considering fluid and structure interaction (FSI). ADINA uses unstructured finite element methods for both fluid and solid models, and nonlinear incremental iterative procedures were used to handle FSI problems. It has been tested in many FSI problems with hyperelastic materials (Bathe, 1996 (Bathe, , 2002 , and also has been validated in FSI analysis in arteries and plaques (Yang et al., 2010 , Tang et al., 2014 , Yuan et al., 2015 . The 4-node tetrahedral elements were used for computational meshes, and they were fitted with the shape of the vessel lumen and the plaque wall tissue. Finer meshes were used in the plaque cap and the lipid core zone to accommodate abrupt changes in geometry. Mesh was refined near the fibrous cap to get mesh independent solutions in stress and strain calculations. Mesh analysis was performed by increasing mesh size near the fibrous cap zone until the maximum stress values converged within 5 percent. The mesh was then chosen for FSI computation. In the symmetric model, the vessel and lipid core consisted of about 99,679 and 11,991elements, respectively. In the asymmetric models, about 91,000 to 95,000 elements were used for the vessel and about 5,000 to 9,100 elements were used for lipid core. The fluid domain of all four models consisted of 65,556 elements. For all models, the fluid was assumed to be incompressible and Newtonian, with a density of 1,050 kg/m3 and a viscosity of 0.0035 kg/m.s. No slip boundary conditions were used on the walls. The Navier-Stokes equation with arbitrary Lagrangian-Eulerian formulation was used to solve governing equations in the presence of fluid-structure interaction (FSI), and a transient implicit scheme was applied to fluid flow computations. The velocity waveform obtained from a coronary flow waveform and the physiological pressure waveform (Rambhia et al., 2012) were applied at the inlet and the outlet of the vessel, respectively, in order to consider the phase lag between the pressure and the flow waves (Fig. 3) . The inlet velocity was assumed to be uniform, and initial velocities and pressure were assumed to be zero. The computational simulation was performed for three cardiac cycles until solutions became periodic and converged. The computational results from the third period were used for analysis.
The Mooney-Rivlin (M-R) model was used to describe the material properties of the wall of the plaque tissue, which was assumed to be hyperelastic and anisotropic. The modified M-R model after adding anisotropic terms is given by Chhai, Lee and Rhee, Journal of Biomechanical Science and Engineering, Vol.12, No.1 (2017) [DOI: 10.1299/jbse.16-00588] where C=Cij=F T F is the right Cauchy-Green deformation tensor, X i is the current position, Xj is the original position, nc is the circumferential direction of the vessel, and I1 and I2 are the first and second strain invariants. The parameters in the strain energy density function, C1, C2, D1, D2, K 1 , and K2, were chosen to match the mechanical properties of the plaque wall obtained from experimental measurements. Data from planar biaxial tests of coronary arteries were used (Kural et al., 2012) to fit the modified Mooney-Rivlin model, and the parameters in the strain energy density function were C1=-1312.9 kPa, C2=114.7 kPa, D1=629.7 kPa, D2=2.0, K 1 =35.9 kPa, K 2 =23.5. The lipid core was assumed to be incompressible and isotropic with C1=0.5 kPa, D1=0.5 kPa and D2=0.5, and C2 and K 1 are zeroes. ). The arterial wall was fixed at the lower edge of the outer vessel wall, and both inlet and outlet cross-sections of the vessel wall were fixed in all directions. FSI boundary conditions were imposed on the luminal surface of the arterial wall.
Results and Discussion
Equivalent stress in the plaque wall, which is the scalar quantity defined on the surface, was compared for the different plaque models. Figure 4 shows the contour of equivalent stress at peak pressure in the longitudinal cross section where the maximum values were found. The high stress was distributed on the cap and near the interfaces between the medial wall and lipid core base. Maximum equivalent stresses on the cap are shown in Table 1 , and the values of maximum cap stress increased as the asymmetry increased. The location of maximum cap stress was near the throat for the symmetric model, and it moved to the proximal cap for the asymmetric models (see arrow heads in the Fig. 4) . The point of the maximum cap stress located on the proximal throat region, where plaque rupture, was frequently observed. Because the cap stress, which is a potential physical factor that contributes to plaque rupture, increased as the asymmetry increased, we suspect that asymmetric plaque geometry could increase the danger of plaque rupture. This observation also agreed with clinical findings that upstream ruptured plaques exhibited a strongly pronounced longitudinal asymmetry (Cicha et al., 2011 Fig. 4 Equivalent stress contour in the longitudinal cross section at peak pressure (the arrow head denotes max stress location).The maximum cap stress increased as the asymmetry increased, and the location of it moved to the proximal cap for the asymmetric models. Fig. 5 Strain contour at peak pressure in the longitudinal cross section (the arrow head denotes max strain location). The high strain region coincided with the lipid core region and the fibrous cap. The maximum cap strains in the asymmetric models were higher compared to those in the symmetric model. The wall strain was also compared for the different plaque models. Stains were higher in the lipid core regions and the cap tissues. The maximum strains in the fibrous cap (cap strains) in the asymmetric models were higher compared to those in the symmetric model, but they did not change noticeably for the different asymmetric models (Table 1) . The high strain region coincided with the lipid core region, and it decreased as the size of a lipid core decreased for asymmetry models, as shown in Fig. 5 . Furthermore, higher cap strains were shown in the proximal cap region. These strains may cause more vulnerabilities because of a strong positive correlation between strain and macrophage content . Compared to other models, asymmetry model 3, which has a smaller lipid core size and a thicker distal cap, had a lower cap strain in the distal cap region. Fig. 7 Temporal variation of wall shear stresses at the throat. The maximum WSSs in the asymmetry models at peak flow were higher than those in the symmetry model.
Chhai, Lee and Rhee, Journal of Biomechanical Science and Engineering, Vol.12, No.1 (2017) [DOI: 10.1299/jbse.16-00588]
Hemodynamic shear stress contours at peak flow are shown in Fig. 6 . The wall shear stress (WSS) due to fluid motion is high near the throat of the stenosis, which is where maximum WSSs were observed. WSSs were higher in the distal sites than in the proximal sites of the throat, but they were lower near the distal end of the stenosis. The maximum WSSs at the throat in the asymmetry models at peak flow were higher than those in the symmetry model (Fig. 7) . The temporal variation of the WSS was also higher in the asymmetry models.
The maximum and temporal mean wall shear stresses along the stenotic region are shown in Fig. 8 . Both the maximum and mean WSSs were highest near the throat for all models, and they were higher in the mid-distal sites than in the mid proximal sites for all models. The WSSs were lower in the symmetric models than in the asymmetry models, but the degree of asymmetry (skewness of core distribution) did not significantly affect WSS distribution. The spatial gradient of WSS (the slope of shear stress distribution curve) was higher in the proximal throat compared to changes in WSS decrease in the distal throat. The spatial gradient of WSS was higher in the asymmetry models than in the symmetry model. The temporal and spatial gradients of WSS affect the plaque progression and wall thickening (Soulis et al., 2014) , and high peak and spatial gradients of WSS stimulate matrix degrading proteins, which induce wall weakness (Dolan et al.,2013 , Li et al., 2009 . Because the asymmetric models showed higher WSS temporal and spatial gradients than the symmetric models, we speculate that hemodynamic stresses in asymmetric lipid core distribution may promote thinning and weakening of the plaque wall. Figure 9 shows the maximum and temporal mean pressure distributions along the stenotic region. The pressure drop and pressure gradient across the stenotic region were higher in the asymmetric models than in the symmetric models. The increased pressure drop across the stenosis may increase plaque vulnerability because of larger pressure drag force on the plaque (Li et al., 2009 ). The pressure distribution was not significantly influenced by its degree of asymmetry. Fig. 8 Maximum wall shear stress (a) and mean wall shear stress (b) distributions along the stenotic region. They were lower in the symmetric models than in the asymmetry models. Abscissa denotes the distance from the throat. Fig. 9 Maximum pressure (a) and mean pressure (b) distributions along the stenotic region. The pressure drop and pressure gradient across the stenotic region were higher in the asymmetric models than in the symmetric models. Abscissa denotes the distance from the throat.
Stenotic arterial geometry provides the endothelium with varying hemodynamic environment, which affects vascular cellular functions. The upstream side of the stenosis is characterized by steep increase of WSS while a flow separation and recirculation, and the low and oscillating WSS are observed on the downstream of the stenosis. The different lipid core distribution might change the luminal geometry in the stenotic region due to wall deformation caused by fluid motion. FSI simulation was performed, and the lumen geometry change due to different lipid core distribution was barely noticeable. But, noticeable differences in the WSS gradients and pressure were found between symmetric and asymmetric models. Because the WSS and pressure gradient affected wall weakening and dragging force on the plaque, asymmetric lipid core distribution might affect the plaque stability.
Though the effects of asymmetric distribution of the lipid core on the mechanical parameters were explored in this computational study, there were many limitations that should be improved in further studies. The first limitation is related the idealized plaque and lumen geometries. The patient specific models which were constructed from the ultrasound and MRI images would provide more realistic vessel geometries, but sufficient number of simulations should be performed to draw meaningful results accounting for the individual geometrical differences of patients. Also, the small size wall tissues such as calcium deposits and thrombi were not considered, which might affect local stress concentration. The second limitation is related to the modeling of the material properties of plaque wall and blood. Anisotropic and viscoelastic properties in the arterial wall tissues were not modelled, because they were less serious in the plaque tissues and lipid core (Yuan et al., 2015) . Non-Newtonian blood viscosity and turbulence were not modelled, because flow characteristic would not affect the wall stress a lot via FSI. Another limitation is related to wall stress calculations. Residual stress, arterial curvature and cycle bending due to cardiac motions were not considered, which might affect the wall stress a lot ). These limitations should be kept in mind when interpreting our simulation results. Nevertheless, major results from this computational study would provide meaning insight in analyzing plaque wall stability.
Conclusion
In this study, computational analysis incorporating FSI was performed in order to study the effect of the longitudinal asymmetric distribution of the lipid core on arterial wall mechanics and hemodynamics. The values of maximum cap stress increased, and its location moved toward the proximal cap as asymmetry increased. The maximum strains in the asymmetric models were also higher compared to those in the symmetric model. Because high wall stress and wall strain are positively correlated with plaque rupture, longitudinal asymmetric distribution of the lipid core may increase the vulnerability of the plaque.
The hemodynamic WSS did not change much with longitudinal asymmetry, because the luminal geometry varied only slightly in the asymmetry models. However, the maximum WSS and its spatial gradient, which were believed to be positively related to the endothelium denudation and degradation, were higher in the asymmetry models than in the symmetry model. Furthermore, the pressure drop and pressure gradient across the stenosis were higher in the asymmetry models than in the symmetry model. Therefore, higher wall stress and strain, and increased WSS, pressure drops, and gradients of them in asymmetric plaques may provide a more unfavorable biomechanical environment for plaque stability.
